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Absorption covers the physical processes which convert intense photon flux into energetic particles
when a high-power laser illuminates optically-thick matter. It underpins important petawatt-scale
applications today, e.g., medical-quality proton beam production. However, development of ultra-
high-field applications has been hindered since no study so far has described absorption throughout
the entire transition from the classical to the quantum electrodynamical (QED) regime of plasma
physics. Here we present a model of absorption that holds over an unprecedented six orders-of-
magnitude in optical intensity and lays the groundwork for QED applications of laser-driven particle
beams. We demonstrate 58% efficient γ-ray production at 1.8 × 1025 W cm−2 and the creation
of an anti-matter source achieving 4 × 1024 positrons cm−3, 106 × denser than of any known
photonic scheme. These results will find applications in scaled laboratory probes of black hole
and pulsar winds,γ-ray radiography for materials science and homeland security, and fundamental
nuclear physics.
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I. INTRODUCTION
The peak focal intensities produced by high-power
laser technology have undergone rapid increases since
the advent of chirped-pulse amplification in the late
1980s [1]. Today, the record intensity has reached up to
1022 W cm−2 and next-generation facilities such as the
Extreme Light Infrastructure (ELI) will achieve in excess
∗ matthew.levy@physics.ox.ac.uk
of 1024 W cm−2 at optical wavelengths [2]. These lasers
have the potential to shed light on the structure of the
quantum vacuum [3, 4], settle an ultimate upper limit to
the attainable intensity of an electromagnetic wave [5–7],
discern the transition between classical and quantum ra-
diation reaction [4, 8, 9], and provide efficient sources of
intense γ-rays and dense anti-matter [10, 11]. However,
all analyses of optically-thick QED plasma thus far have
been restricted to numerical studies [11–13] and simplifed
situations where the ion mass is infinitely-large [14], the
laser polarization is such that the fast-oscillating compo-
nent of the nonlinear heating force vanishes, or γ-ray ra-
diation is treated in a classical fashion [15–17].
By combining strong-field QED with recent advances
in plasma kinematic theory [18, 19], we present the
first analytical absorption model which elucidates how
optically-thick matter responds to high-power laser il-
lumination from the scale of today’s petawatt lasers
all the way to the QED electron-positron pair cascade.
To span these optical laser intensities this work, for
the first time, self-consistently accounts for quantum
mechanically-correct γ-ray emission, hydrodynamic par-
ticle injection, and e−/e+ field-screening taking place in
the partial standing wave set up by laser absorption.
Key features of the model are depicted schematically
in Fig. 1 (a). Here a thick slab of opaque matter is illu-
minated at normal incidence by a linearly-polarized high-
power laser beam having peak dimensionless strength
parameter a0 = eE/mcω, where E is the laser electric
field and ω is its angular frequency. Over the Lorentz-
transformed collisionless skin depth λp shown in dark red,
the laser rapidly field-ionizes the matter to create a su-
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2FIG. 1. The response of optically thick matter to high-power laser light. (a) Relativistic particle flows are produced
through absorption when a high-power laser is shined onto optically-thick matter. Along the laser-matter interface ultrafast
field-ionization creates a thin layer of opaque plasma. (b) The electrons and ions are accelerated via classical electromagnetic
absorption processes [19, 20]. Leptons are cooled through the emission of quantum synchrotron γ-ray photons in the ultra-
strong optical field. The γ-rays “decay” into electron-positron pairs which become electromagnetically accelerated, thereby
linking together the classical and quantum electrodynamical absorption. Thick double-lines in the Feynman diagrams indicate
“dressed” charged-particle states which account to all orders in a0 for the effect of the classical laser field.
percritical plasma, i.e., with electron density n0 exceed-
ing the relativistically-correct critical density a0nc where
nc = ε0mω
2/e2 (ε0 is the vacuum permittivity). We use
1µm wavelength light and a model geometry centered at
the supercritical interface determined by n0/a0nc ' 1 so
that the laser evanescences over λp in the downstream
matter. n0 is thusly scaled linearly with a0 to main-
tain the optically-thick condition, which in the classi-
cal regime introduces a similarity to the electron dynam-
ics [21].
The interface itself is accelerated to an appreciable
fraction of light-speed βhb along the wave propagation
vector by pressure associated with the intense photon
flux. This “hole-boring” electrostatic process acceler-
ates ions to moderately-relativistic energies and reduces
through hydrodynamic motion the optical photon flux
deposited onto the interface [18]. In the upstream vac-
uum region, indicated using blue shading, collisionless
classical and QED absorption processes create γ-rays and
e+ and accelerate highly-relativistic e−/e+ through the
interface into the dense matter bulk.
The relevant interactions are therefore highly localized
(we show that the axial lengthscale is smaller than λ) and
the instantaneous fractional absorption into each particle
species is equivalent to [18, 19],
fk =
1
1− βhb
vk
c
nk 〈Ek〉
ul
, f =
∑
k
fk = 1−R, (1)
where k indexes the set of particles shown in Fig. 1 (b):
fk is the absorption, nk the number density, 〈Ek〉 the
ensemble-averaged energy, and vk the velocity associated
with particles of the kth type. f is the total absorption,
R is the reflectivity, and ul = a20mc2nc/2 is the energy
density of the laser.
The coupling between strong-field QED and laser-
produced dense plasma is illustrated in Fig. 1 (b). The
classical portion of the interaction involves deposition of
laser energy into electrons and ions as is shown using blue
arrows. QED processes, indicated using green arrows, re-
distribute energy coupled into relativistic electrons first
through the emission of quantum synchrotron γ-rays by
propagation in the laser field. QED corrections to the
electron absorption are thus introduced as the Lorentz-
invariant quantum parameter,
χ =
γ
ESch
√
(E+ v ×B)2 − (E · v/c)2, (2)
reaches ∼ 0.1 (B is the laser’s magnetic field, ESch =
1.3 × 1018 V m−1 is the critical field of QED [22]. Pro-
duction of electron-positron pairs takes place when χ ∼ 1
through γ-ray conversion in the laser fields themselves
which is controlled by the quantum parameter χγ =
~ω/(2mc2ESch)
∣∣∣E⊥ + kˆ× cB∣∣∣, where the photon has
energy ~ω and propagates along the kˆ unit vector, and
E⊥ is the component of the laser electric field normal
to its motion. The γ-ray absorption is thus set by the
leptonic radiative energy loss and the positrons take an
n+/ne fraction of the total pair energy which is always
less than 12 .
3II. ABSORPTION MODEL
A. Classical Relativistic Absorption
At the petawatt scale, the theoretical extrema of f in
the supercritical situation have recently been reported
using a kinematic interaction model. This works by ap-
plying shockwave-like conservation laws across the super-
critical interface to constrain f in relation to the laser and
unperturbed matter properties [18, 19]. In this section
we review the essential results and extend them to the
situation of interest here.
Denoting the absence of QED using a superscript 0,
the sets of all possible f -curves associated with eq. (1)
are given by
f0i =
2βR3/2√
β2R+ 1− β√R
f0e =
(1−R)
√
β2R+ 1− (1 +R)β√R√
β2R+ 1− β√R +O
(
ρe
β2
)
.
(3)
Here f0 = f0e + f
0
i where the terms correspond to elec-
trons and ions, respectively. These limits bound the effi-
ciency of nonlinear absorption mechanisms operating in
petawatt-scale laser interactions with supercritical mat-
ter [23–26], while effects occurring downstream of the
interface such as efficient plasma wave heating of dense
matter [27, 28] are abstracted from the analysis.
As a consequence, the nonlinear plasma dynamical
interaction is parameterized by three control variables:
ρe = ne/ni m/(M +Zm) 1, corresponding to the nor-
malized mass density of relativistic electrons accelerated
by the laser, the reflectivity R, and the dimensionless
velocity β = [Zmnc/(2Mn0)]
1/2
a0, and the supercriti-
cal interface has uniform charge-state Z, and ion density
ni = Zn0 and mass M . We note that a0 corresponds to
the peak laser dimensionless strength parameter, so the
laser-cycle-averaged value often used in classical laser in-
teractions is recovered by a0 →
√
2a0. The dimensionless
velocity of the supercritical interface is given by [18, 19]
βhb =
√
Rβ2
1 +Rβ2 . (4)
The laser temporal envelope is constrained by
I (∂I/∂t)−1  2pi ω−1pe which is readily achieved in re-
alistic conditions, where the electron plasma frequency
ωpe = (n0e
2/ε0m)
1/2. Damping of transient momen-
tum effects also requires that the laser pulse duration τl
satisfies τl ωpi > 2piC where the ion plasma frequency
ωpi = (Zn0e
2/ε0M)
1/2 for supercritical interface uni-
form charge-state Z, ion mass M , and C ' 3 − 5. The
target thickness D should exceed the hole-boring depth
and the effective relativistic electron refluxing range,
D > c[τl/2 +
∫ τl
0
βhb dt] in order to access the steady-
state interaction [18, 19]. The rate of electron heating
in the model is proportional to the scalar product of the
particle velocity and electric field which scales linearly
with a0. In the absence of radiative cooling this implies
ponderomotive scaling of the electron energy [25, 29],
i.e., 〈E0e 〉 = a0mc2/
√
2, which Fig. 3 shows is consistent
with the energetics exhibited in our simulations.
To first order in ρe, the absorption is then given by,
f0e '
1 + β
β2
(
3
√
2
20
a0 − 1
)
ρe, (5)
f0i '
2β
1 + 2β
− 4β
2 + 7β + 3
2β(1 + 2β)2
(
3
√
2
10
a0 − 1
)
ρe, (6)
where the (laboratory frame) reflectivity R = 1−f0e −f0i .
When a0 → 10
√
2/3 the model suggests that absorption
becomes asymptotically small. This implies that for a0 .
5 in the supercritical situation the electron dynamics can
be non-ponderomotive, as has been suggested in previous
works [23, 30, 31]. We consider higher intensities in the
present work which means that the supercritical plasma
comprising the interface reaches a fully-ionized state and
eqs. (5) and (6) are controlled by a0 and the ρe ∝ ne/n0
parameter alone. Interactions between a0 < 1 laser light
and opaque matter involve collisional dynamics [32] and
are outside the scope of this work, as the threshold for
a high-power laser interaction is set by a0 ≥ 1 when the
oscillatory velocity of a free electron approaches c.
B. Strong-Field QED Processes
Inspection of eq. (2) reveals the crucial role played by
the reflected laser wave, since a single laser pulse will ac-
celerate electrons from rest such that they co-propagate
along the direction of the light wavevector. In this situ-
ation the electric and magnetic forces acting on the elec-
tron approximately cancel one another – which leaves
χ 1 for all forseeable laser systems [10].
However, this picture changes substantially when the
partially-reflected wave is treated. We work in the frame
of reference co-propagating with the supercritical inter-
face at βhbc, meaning that the supercritical matter is
injected into the laser fields with axial velocity −βhbc,
the surface has reflectivity Rhb = R(1 + βhb)/(1− βhb),
the incident and reflected waves have frequency ωhb =
ω[(1 + βhb)/(1 − βhb)]−1/2. At focus the laser spot size
is much larger than the wavelength λ and we assume the
laser ponderomotive force rapidly sweeps away any un-
derdense pre-plasma associated with the production of
the laser pulse for the ultra-high intensities of interest
here [33]. The electric and magnetic fields in the vacuum
region are given by,
eEx
mcωhb
= a0
[
cos(ξ − τ)−
√
Rhb cos(ξ + τ)
]
,
eBy
mωhb
= a0
[
cos(ξ − τ) +
√
Rhb cos(ξ + τ)
]
,
(7)
4FIG. 2. Quantum parameters controlling particle pro-
duction. Quantum corrections to absorption become impor-
tant when the Lorentz-invariant parameters χ and χγ & 0.1.
χ compares the electric field strength in the rest frame of
a lepton to the quantum critical field [22]. Leptons emit
Nγ ∝ χh(χ) photons per unit time and lose energy at a
rate of P ∝ χ2g(χ). h(χ) and g(χ) thus describe quantum
corrections to the photon spectrum which affect the classical
emissivities. χγ controls the probability for a γ-ray to con-
vert into an electron-positron pair by direct interaction with
the laser fields. Pair creation is suppressed for χγ . 0.1, but
becomes exponentially more probable as χγ increases, lead-
ing to a “cascade” of self-created particles when χγ & 1. Its
exponential growth is parameterized by the auxiliary func-
tion T (χγ) in the pair creation rate, and t(χ) approximates
T (χγ) with χγ weighted over the emission spectrum (details
provided in the text).
defining the dimensionless axial distance ξ = ωhbz/c and
time τ = ωhbt.
ne electrons escape the bulk plasma and enter the vac-
uum region where the partial standing wave can accel-
erate them to relativistic energy, radiating γ-rays if a0
is large enough. For Rhb = 1, z = −λ/4 is a node
of the magnetic field and an antinode of the electric
field. The electron is accelerated parallel to the electric
field, so χ vanishes and it reaches a peak momentum of
∼ 2a0mc [24, 25]. However, the B = 0 node is unstable
– if the electron starts slightly off-node, it is pushed to-
wards the electric field node. This suggests only particles
within the region −λ/4 . z . λp are heated by the wave,
meaning that absorption is highly localized with an axial
lengthscale less than λ.
We assume the electron is ultrarelativistic with v = c,
and that the electric and magnetic forces perpendicular
to its motion are almost in balance. The particle’s rel-
ativistic motion means its period of oscillation is much
longer than the laser period. Furthermore, due to the
localization, the wave phase interval in which it is accel-
erated is very small. As a consequence of this, averaged
over the wave phase, we can anticipate a steady-state so-
lution for the absorption. Confining the electron motion
to the x-z plane, force balance in the perpendicular di-
rection gives Ex cos θ ' cBy where θ corresponds to the
angle of the electron’s acceleration relative to the laser
axis. This defines the trajectory by dξ/dτ = cBy/Ex,
with boundary condition that ξ = −pi/2 at τ = pi. Sub-
stituting ξ = −pi/2+cos θ(τ−pi) into the field definitions
given by equation (7) and expanding around τ = pi, we
find that the electrons are initially accelerated at an an-
gle cos θ = (1−R1/4hb )/(1 +R1/4hb ). This angle cannot be
sustained indefinitely – the magnetic field increases along
this trajectory and therefore the electron should be de-
flected toward the supercritical interface. We make the
further approximation that the electron propagates at
this angle until such a time that Ex(τ, ξ) = cBy(τ, ξ).
Thereafter it moves parallel to the laser axis until it
crosses the interface at ξ = 0.
In reality, the complex nature of the fields and the
stochastic nature of photon emission mean that the elec-
tron will deviate from the balanced trajectory – never-
theless, this rectilinear model should suffice to describe
the most important physics.
1. Quantum γ-ray Radiation
The instantaneous average power radiated to photons
by an electron (or positron) is P = (2α/3τc)χ2g(χ)mc2,
where α ' 1/137 is the fine structure constant, τc =
~/mc2 is the Compton time and the auxiliary function
g(χ) is the factor by which quantum corrections reduce
the radiated power [34, 35]. Although the fact that pho-
ton emission is a stochastic process means χ(τ) does not
change smoothly over the interval τ ∈ [pi, τ(ξ = 0)], it is
possible to use the average power to determine the aver-
age radiated energy [35], by 〈E〉 = ∫ P(〈χ〉) dτ .
Assuming for the present 〈E0e 〉 = a0mc2/
√
2 is constant
over the electron motion, the quantum parameter is given
by χ(τ) = a0|cBy − Ex cos θ|/(
√
2ESch). Squaring and
integrating this along the electron trajectory defines the
root-mean-square (r.m.s.) χrms by
∫
χ2dτ ≡ χ2rms∆τ ,
yielding,
χrms =
a20
pi
~ω
√
1−βhb
1+βhb
mc2
{
2r2[pi(1 + r3 − r5 − r6)− 4r sin(pir)]
(1− r)(1 + r)2(1 + 2r)2 −
r(1 + r3 + r4) sin(2pir)
(1 + r)(1 + 2r)2
}1/2
, (8)
where r4 ≡ Rhb and ω is the laser angular frequency in the laboratory frame. As can be seen in Fig. 2, χ is suf-
5FIG. 3. Electron and positron temperature scalings.
Simulation results are shown for electrons using blue markers
and positrons using red markers. The filled symbols corre-
spond to simulations in which the QED module was deacti-
vated and the open symbols to simulations in which the QED
module was activated. The dashed black curve corresponds
to the ponderomotive temperature scaling [29] and the solid
black curve to the cooled lepton temperature scaling given by
eq. (9).
ficiently large that g(χ) gives a non-negligible correction
to the radiated intensity. We include this by using χrms
to define an average 〈g〉 ≡ g(χrms) with which we scale
the radiated energy.
To account for the recoil of the electron, we consider
the evolution equation γ′(τ) = −Aγ2, since χ ∝ γ. As-
suming A to be constant and defining γ0 ≡ γ(τ = 0)
means that γ(τ) = γ0/(1 + Aγ0τ). We can identify
Aγ20τ with the radiated energy in absence of recoil 〈Eγ,hb〉
andtherefore calculate the recoil-corrected quantities as
χrecoilrms =
χrms√
1 + 〈Eγ,hb〉/〈E0e 〉
, (9)
〈E±〉 =
√
1+βhb
1−βhb 〈E0e 〉
1 + 〈Eγ,hb〉/〈E0e 〉
. (10)
〈E±〉 corresponds to the radiatively-cooled e−/e+ energy
and the Doppler factor accounts for the transformation
from the co-propagating to laboratory frame; the radi-
ated energy in the absence of recoil is given by,
〈Eγ,hb〉 = piα
3
(1 + 2r)χ2rms〈g〉
(mc2)2
~ω
√
1−βhb
1+βhb
. (11)
We compare this expression for the temperature with the
ponderomotive prediction and with simulation data in
Fig. 3.
2. Electron-Positron Pair Production
The differential probability rate for a γ-ray photon,
travelling at an angle θ to the laser axis, to convert
to an electron-positron pair via the multi-photon Breit-
Wheeler process [36, 37] is given by
dP±
dt
=
α
τc
mc2
~ω
χγ T (χγ) (12)
T (χγ) is the Breit-Wheeler auxiliary function which is
well approximated as [36, 38],
T (χγ) ' 0.16
χγ
K21/3
(
2
3χγ
)
(13)
where K is the modified Bessel function of the second
kind. On the other hand, second-order pair production
via virtual photons in the Trident process is strongly
suppressed in the laser-plasma context and is negligible
for our purposes [39]. T (χγ) in equation (12) should be
weighted using the full synchrotron spectrum, i.e., using
the transformation,
T (χγ)→
∫ χ/2
0
F (χ, χγ)T (χγ)
h(χ)χγ
dχγ (14)
so that the photon spectrum is characterized by χ of
the radiating electron. The integral in equation (14) in
general must be evaluated numerically, but over the range
0 ≤ χ ≤ 10 the following analytical approximation differs
from the true value by at most 5%:
t(χ) ' 3
16
exp
(
− 114
37
√
χ
− 71
18χ
− 1
19χ2
)
(15)
The intensity scalings of χγ and the auxiliary functions
eqs. (14) and (15) are shown in Fig. 2.
The average angle between γ-ray wavevectorand the
laser axis is given by cos〈θγ,hb〉 '
√
3(1 − Rhb)/2. To-
gether with the fact that χrecoilrms characterizes the shape of
the photon spectrum, we can integrate the photon con-
version rate along the trajectory defined by this angle to
obtain the pair creation probability
P± '
αa0R3/4hb
(
1−Rhb + 2/
√
3
)
t(χrecoilrms )
(1−Rhb)
(
1 +R1/4hb
) . (16)
For γ-ray number density nγ , equation (16) controls the
positron density according to n+/n0 = P±nγ/n0. nγ
is obtained by integrating the emission rate along the
electron trajectory and then scaling by the number of
electrons that have escaped the bulk matter:
nγ
n0
=
ne
n0
5α
2
√
3
a0
[
1− r2 − (1 + r2) cos (pir)] h(χrecoilrms )
5pi/3
.
(17)
6FIG. 4. Particle production. Snapshots are shown of the normalized spatial energy-density of electrons, ions, γ-rays,
and positrons. Regimes of particle production are illustrated by varying the optical intensity from 6.5 × 1023 W cm−2, to
2.6 × 1024 W cm−2, and 1.7 × 1025 W cm−2 (rows, bottom to top). Thin, high energy-density radial filaments of γ-rays are
created (h) through quantum synchrotron cooling of electrons (b) which penetrate the surface plasma layer into the ultra-strong
laser field twice each optical cycle. Positron production through γ-ray decay (j-l) and collimation of γ-ray emission along
the laser wavevector increase with intensity. As a consequence, the normalized γ-ray energy-density peaks around (h) then
decreases with intensity, as is shown in (g). All parameters are detailed in the text.
C. Feedback Between QED and Classical Dynamics
QED processes have the effect of redistributing en-
ergy initially coupled by the laser into relativistic elec-
trons. Normalized to the classical electron value, the
γ-ray absorption is set by the radiative energy loss of e±
as fγ =
(
1− 〈E±〉/〈E0e 〉
)
f0e . The complement of this
corresponds to the total e± absorption accounting for γ-
ray emission as fe + f+ = 〈E±〉/〈E0e 〉 f0e . Positrons take
an n+/ne fraction of the total pair energy which is always
less than 12 as f+ = P± (nγ/ne) (〈E±〉/〈E0e 〉) f0e .
Fig. 3 shows that electrons in the no-QED simulations
are accelerated to approximately the ponderomotive po-
tential [29], in good agreement with the classical absorp-
tion model. With QED effects present, the highest energy
γ-rays are converted by the laser fields into “daughter”
electrons and positrons which each gain approximately
half the parent lepton’s energy. The daughter particles
are re-accelerated to 〈E0e 〉 and cool to 〈E±〉 in steady-
state. There is also close agreement between the QED
simulation results and the model predictions for 〈E±〉
given by eq. (9) for both positrons and electrons.
Equilibration with electrons extracted from the tar-
get can be understood by considering the work done on
the self-created pairs by the laser field through dE/dt =
ev · E. We assume for simplicity acceleration paral-
lel to the laser electric field in the hole-boring frame
and energy E  mec2. The timescale τaccel for accel-
eration to the ponderomotive energy can then be es-
timated as 〈E0e 〉/(2τaccel) ∼ mec2a0ωhb, which yields
τaccel ∼ 1/(2
√
2ωhb).
The timescale associated with radiative cooling [5],
τγ , is proportional to 1/We→γ where dWe→γ/dχγ =√
3αχF (χ, χγ)/(2piτcγχγ) corresponds to the differen-
tial rate of photon emission [5, 36, 40]. Integrating
over all photon energies in the range 0 ≤ χγ ≤ χ/2
using γ = a0/
√
2 gives the total emission rate to be
We→γ =
√
3/2αχh(χ)/(pia0τc). Using χ and h(χ) as
given in Fig. 2, τaccel . τγ for all values of a0 below the
pair cascade. A characteristic of S (“shower”) type pair
cascades is that daughter positrons are much cooler than
the parent particles due to energy partitioning. By con-
trast, these results indicate that electrons and positrons
reach comparable energies, providing a signature of re-
acceleration and hence an A (“avalanche”) type cascade
process [41].
Creation of prolific pairs in the absorption region not
only provides new sources of current, but ultimately also
screens the supercritical matter from the incident elec-
tromagnetic wave. When the density of these self-created
particles exceeds the relativistically critical density, the
electromagnetic fields responsible for QED processes are
damped as,
a0 → a0
√
a0nc/(n0 + 2n+) = a0/
√
1 + 2P±nγ/n0,
(18)
where the pair creation probability P± relates the γ-
ray number density nγ to the positron density n+ ac-
cording to n+/n0 = P±nγ/n0. The normalized lepton
density effectively grows by
ne/n0 → ne/n0 (1 + 2P±nγ/n0) . (19)
The secondary effect of the increasing electron and
positron mass density on the ions will be described in
7FIG. 5. Absorption across all optical intensity scales. The quantum conversion efficiency of intense photon flux into
energetic particles via absorption is presented across six orders-of-magnitude in optical laser intensity (solid – model and markers
– data from massive-scale QED-PIC simulations [42]). A cascade of electron-positron pairs reaching 4 × 1024 positrons cm−3
is triggered by highly-efficient γ-ray production at 1.8 × 1025 W cm−2. Mass of the self-created particles accumulates at
the interface between the laser and quantum electrodynamical plasma to produce an inflection in ionic absorption at 5 ×
1024 W cm−2.
the following section.
III. COMPARISON TO QED-PIC SIMULATION
RESULTS
We use the classical value of ne/n0 = 0.3 to facili-
tate comparison to the simulation results. Since n0 is
scaled linearly with a0 to satisfy the optically-thick con-
dition, ne/n0 = const. is consistent with the well-known
S-scaling of electron dynamics [21, 43]. This quantity
corresponds to the fraction of electrons which escape the
bulk matter and are accelerated by the laser to relativis-
tic energies and is the only free parameter of the model.
Deriving it ab initio is a long-standing topic of interest in
the field of high-power laser-plasma physics which is be-
yond the scope of the present work. We find the absorp-
tion model best matches the simulation data when this
is equal to 0.3, well within the range of values ' 0.1−0.5
typically reported in the literature [31, 44, 45].
In Fig. 4 snapshots are shown of the normalized spatial
energy-density of electrons, ions, γ-rays, and positrons
which illustrate the classical to QED plasma transition.
Fig. 5 quantitatively compares predictions of the ab-
sorption model to 15 high-resolution multidimensional
QED-PIC simulation [42] results. Extending to the op-
tical intensity in which γ-rays are first produced, around
1023 W cm−2, the model is seen to accurately describe
classical relativistic laser-matter interactions, reproduc-
ing the well-known S-scaling of electron dynamics [21]
while also correctly accounting for ion dynamics. In the
intensity interval from 1023 W cm−2 to 3×1024 W cm−2,
where the first positrons are produced (in close agreement
with the χ ∼ 1 region shown in Fig. 2), the total absorp-
tion less that taken by the ions is constant to within a few
percent which confirms the model’s picture of energy flow
as depicted in Fig. 1. While both n+/n0 and f+ < 0.01,
this intensity scale is within a factor of order-unity of the
value first suggested in Bell and Kirk [10].
Above this intensity, our findings show that the effect
of profilic pair creation is to increase the energy absorbed
as γ-rays, as the self-created leptons accelerate and ra-
diatively cool in the same way as electrons originating in
the plasma layer. In addition, the mass of these parti-
cles accumulates at the interface between the laser and
QED plasma. As a consequence of the self-created iner-
tia, the interface velocity βhb slows and an inflection in
the ion absorption is produced. This novel QED plasma
dynamic which connects lepton creation to ion acceler-
ation emerges naturally from the absorption model due
to kinematic coupling of electrons and ions [18, 19] and
points to an optimal parameter space for future QED
ion acceleration schemes. The absorption curves shown
in Fig. 5 thusly elucidate how optically-thick matter re-
sponds to laser illumination by creation and acceleration
of particles across six orders-of-magnitude in optical in-
tensity.
While integration over the QED rates must in general
be carried out numerically, our results can be closely ap-
proximated in terms of I18, the laser’s intensity in units
8of 1018 W cm−2, as,
f = 9.9× 10−5I1/218 −
2.6
I
1/2
18
+ 0.48 (20)
fi = − 4.7× 10−12I3/218 + 7.6× 10−5I1/218
− 0.96
I
1/2
18
+
3.3
I0.9618
+ 0.087
(21)
fe = 3.1× 10−12I3/218 − 1.3× 10−4I1/218
− 1.3
I0.3418
+ 0.45
(22)
fγ = 1.3× 10−13I3/218 + 1.4× 10−4I1/218
+
2.3
I1.318
− 0.015 (23)
f+ = 2.1× 10−12I3/218 − 6.1× 10−6I1/218
+
0.21
I1.918
+ 1.4× 10−3 (24)
where the R2 value associated with each curve is 0.99.
Processes occurring > λp downstream from the laser-
matter interface are abstracted from this analysis [18, 19].
Equations (20) to (24) for f, fk therefore provide ini-
tial conditions to all current and future modeling efforts
which make use of dense laser-driven particle beams.
The solid target effectively vanishes behind a screen of
self-created particles when the pair density approaches
the initial electron density. To assess this Fig. 5 (in-
set) compares the model-predicted n+ to the positron
density near the supercritical interface measured directly
in the simulations. Agreement better than 10% is ob-
served all the way to the electron-positron pair cascade
at 1.8 × 1025 W cm−2. In this optical field the positron
production achieves 4 × 1024 cm−3, providing an anti-
matter source 106 × denser than of any known photonic
scheme [46, 47]. Furthermore, since the triggering of a
pair cascade is believed to set an ultimate upper limit
on attainable electromagnetic field intensity [5, 6], these
findings offer further insights into how the ubiquitous sce-
nario of light absorption/reflection from opaque matter
will work in the most extreme conditions which could
ever be achieved on Earth.
IV. CONCLUSION
We have shown that by coupling strong-field QED to
a classical kinematic theory of laser-matter interactions,
we may predict the optically-thick absorption to elec-
trons, ions, γ-rays and positrons across all high-power
laser intensity scales. The model, verified by massive-
scale QED-PIC simulations, demonstrates novel features
of the plasma response which arise only because of this
coupling. At ELI intensities [2], the bulk of the laser en-
ergy is absorbed to γ-rays, leading to the production of
pair plasmaso dense that self-created lepton inertia slows
the velocity of the interface between vacuum and matter.
The ion absorption reaches a maximum which reveals op-
timal parameter space for ultra-high-field ion accelerator
applications. These findings thereby lay the groundwork
necessary to understand how dense laser-driven parti-
cle beams can be applied to radiotherapy [48–50] at the
petawatt-scale, to the study of nuclear interactions with
high density γ-rays [11, 51], and to scaled laboratory
studies of black hole and pulsar winds [52, 53].
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Appendix A: QED-PIC Simulations
The numerical simulations were carried out using the
massively-parallel quantum electrodynamical particle-in-
cell (QED-PIC) code EPOCH [35, 42]. EPOCH directly
solves the fully-relativistically-correct Lorentz force equa-
tion and full set of Maxwell’s equations, thus capturing
the relevant kinetic physics of the classical high-power
laser-matter interaction.
In EPOCH QED effects are coupled semi-classically to
the PIC workings using a Monte-Carlo algorithm which
describes quantum radiation emission and electron-
positron pair production. The code implements the qua-
sistatic and weak-field approximations to the QED rates,
as described in [35], which are consistent with the laser-
plasma situation. The separation of energy scales be-
tween the γ-ray photons produced by synchrotron emis-
sion and the (optical) photons associated with the high-
power laser allows a treatment of the stochastic processes
according to the model of Baier and Katkov [54].
We have carried out 15 multidimensional simulations
using laser and supercritical matter conditions consis-
tent with the above, over the intensity interval ∼ 1019 −
1025 W cm−2. The code is configured to run in two spa-
tial dimensions for computational efficiency with a simu-
lation box size of 40λ in the transverse x coordinate and
40λ in the axial z coordinate, each running from −20λ
to 20λ, where the laser wavelength is λ = 1µm. The
simulation is assumed to be uniform in the y direction,
mimicking a laser spot with spatial extent in y much
greater than λ.
The simulations use a high-power laser pulse whose
intensity is varied across 15 values in the range of ∼
1019 − 1025 W cm−2. The beam is linearly-polarized
in the simulation plane and modeled using a 8th-order
9super-Gaussian (i.e., square) transverse spatial profile,
with spot diameter at focus of 2rl = 16µm  λ. The
temporal profile of the laser is modeled using a 4th-order
super-Gaussian centered at 50 fs with a full-width half-
max of 40 fs.
The interaction is simulated for 50 τl (optical cycles)
which captures the rise and fall of the laser pulse and
confirms that a steady-state of absorption – in which
dfk/dτl ' 0 where fk is the absorption into the kth par-
ticle type as defined in equation (1) – is reached.
The supercritical target is modeled as a fully-ionized
slab of cold plasma having electron density 1.01
√
2a0nc
with ion charge-to-mass ratio Z/A = 1. We have con-
firmed the matter is opaque to the high-power laser light,
as it should be. The slab is situated within 0 ≤ z/λ ≤ 19
and |x/λ| ≤ 19. The 1λ margin of vacuum is maintained
along each coordinate in order to mitigate any numer-
ical effects related to the simulation boundaries, which
are configured to transmit electromagnetic radiation and
particles.
To facilitate comparison to the model we use the clas-
sical ne/n0 = 0.3 and the R and βhb quantities measured
directly in the simulations in Fig. 5.
The following steps have been taken to ensure that
the numerical methods used in the simulations result in
an accurate description of the physics. The simulation
timestep is determined by the Courant condition multi-
plied by a factor of 0.5 which enhances stability. The
spatial resolution is 20 cells/λ along both spatial coor-
dinates, corresponding to 3 cells/λp where the plasma
relativistic collisionless skin depth λp = a
1/2
0 c/ω
√
nc/n0
(where c is the speed of light, n0 is the initial plasma
electron density, nc = ε0mω
2/e2 is the critical density,
ω is the laser angular frequency, m is the electron mass,
ε0 is the vacuum permittivity, and e is the fundamen-
tal charge). Therefore all relevant physical scales are re-
solved. We have confirmed that the simulation results
for all quantities of interest have converged using this
resolution.
Due to the well-known infrared divergence of the pho-
ton emission rate, EPOCH allows the specification of a
lower-limit energy for photon particles to be cast to the
simulation grid. This cutoff is taken to be 50 keV, for
which we have confirmed that the absorption values con-
verge.
The code is configured to operate in collisionless mode,
since the collisional mean-free path of relativistic parti-
cles in the vacuum absorption region we are interested
in is much longer than the region scale-size. To confirm
this, we have carried out several collisions-on simulations
and found no appreciable difference in the quantities of
interest.
Particles are fully kinetic and are represented using
210 electrons per cell and 90 ions per cell, meaning there
are ∼ 108 macroparticles in the simulations at the ini-
tial timestep. The higher mass of the ions means they
can be efficiently modeled using fewer particles, and the
particle weighting has been adjusted to preserve charge
neutrality at t = 0 in the simulation. We have carried
out an extensive survey of conditions and verified that
all quantities of interest converge using this value.
The diagnostic which is used to calculate the absorp-
tion in the simulations tracks the cumulative kinetic en-
ergy coupled into each of the k particle species over time.
These values are normalized to the total field energy in-
jected into the simulation box for an “empty” run which
is absent the supercritical target. Following the inter-
action between the laser and matter, which occurs at
around 150 fs due to the hydrodynamic effect, this pro-
cedure directly yields a clean measurement for fk. For
the steady-state interaction this has been demonstrated
in previous works to be exactly equivalent to equation
(1) of the main manuscript text [18, 19].
The particle temperatures are calculated using the
reciprocal slope of a fit-line matched to the quasi-
exponential portion of the energy distribution at 130fs.
The hole-boring velocity βhbc is calculated by tracking
the supercritical interface at the simulation midplane
x = 0 during the steady-state laser-plasma interaction
from 100-130 fs. The supercritical interface axial loca-
tion zhb is defined by
√
2a0nc/n0 = 1 so the velocity of
the interface is calculated as βhbc = dzhb/dt.
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